SGT1 genes are involved in enhancing plant responses to various biotic and abiotic stresses. Brassica oleracea is known to contain two types of SGT1 genes, namely Suppressor of G2 allele of SKP1 and Suppressor of GCR2. In this study, through systematic analysis, four putative SGT1 genes were identified and characterized in B. oleracea. In phylogenetic analysis, the genes were formed BolSGT1a, BolSGT1b (both Suppressor of G2 allele of SKP1 types) and BolSGT1 (Suppressor of GCR2) groups. Functional domain analysis and organspecific expression patterns suggested possible roles for BolSGT1 genes during stress conditions. BolSGT1 genes showed significant changes in expression in response to heat, cold, drought, salt, or ABA treatment. Interaction network analysis supported the expression analysis, and showed that the BolSGT1a and BolSGT1b genes are strongly associated with co-regulators during stress conditions. However, the BolSGT1 gene not showed any strong association. Hence, BolSGT1 might be a stress resistance-related gene that functions without a co-regulator. Our results show that BolSGT1 genes are potential target genes to improve B. oleracea resistance to abiotic stresses such as heat, cold, and salt.
Introduction
Brassica oleracea is a major vegetable crop around the world, but its establishment, growth and yield are highly affected by biotic and abiotic stresses such as bacteria, viruses, fungi, and drought, cold, and salt (Ahmed et al. 2012; Thamilarasan et al. 2014 ). These stresses increase the level of reactive oxygen species (ROS), which causes injuries to the plants through oxidative damage at the cellular level. Plants have developed mechanisms for tolerance against biotic and abiotic stresses involving cellular, physiological, and developmental changes through expression of resistance-related genes that can be activated within hours or days (Yabuta et al. 2009 ). Interestingly, biotic resistance-related genes such as thaumatin-like genes in wheat, DREB, AtRALFL8, AtMGL and some cytochrome P450 genes in Arabidopsis exhibit crosstalk with abiotic stress responses and can be expressed during both forms of stresses (Agarwal et al. 2006; Atkinson et al. 2013; Deihimi et al. 2013; Fujita et al. 2006; Narusaka et al. 2004 ).
SGT1 (suppressor of the G2 allele of skp1) was first identified in yeast as suppressor of skp1-4, a temperature-sensitive mutation of SKP1 that arrests cell division in G2/M phase (Kitagawa et al. 1999) . SGT1 is expressed in association with several resistance-related genes like HSP-90, Prf, RAR1, Nod1, and forms protein complexes that function in various biological processes in plants (Azevedo et al. 2002; Catlett & Kaplan 2006; Kud et al. 2013) .
B. oleracea contains suppressor of the G2 allele of skp1, as well as another related gene, suppressor of GCR2.
Some SGT1 proteins contain three functional domains, including tetratricopeptide repeats (TPRs), CHORD SGT1 (CS) and SGT1-specific sequence (SGS) (Kumar & Kirti 2015) . TPR domains are generally involved in inter-protein associations, whereas CS and SGS domains are responsible for stress resistance (Botër et al. 2007; Nyarko et al. 2007 ).
Arabidopsis contains two SGT1 proteins, AtSGT1a and AtSGT1b, which bind to RAR1, a component required for the resistance through R proteins (Azevedo et al. 2006) . Another type of SGT1 protein is characterized by the so-called SGT1 domain, similar to that found in human suppressor SGT1 protein (Sato et al. 1999 ).
These earlier reports revealed that SGT1 plays an important role as a resistancerelated gene and is expressed during various stress conditions in plants. Currently, no detailed studies reported the expression of SGT1 genes in abiotic stress responses in B. oleracea. In this study, SGT1 genes are identified in the B. oleracea genome and characterized them by in silico analysis. Also examined their expression in response to abiotic stresses, finding evidence suggesting that these resistance genes respond during all stresses.
Materials and methods

Sequence analysis
Coding DNA and protein sequences for SGT1 of B. oleracea and B. rapa were retrieved from the Brassica database (http://www.brassicadb.org/brad/) using key word searches. Genomic structures of BolSGT1 genes were determined by the Gene structure display server (http://gsds.cbi.pku.edu.cn/). Pairwise and multiple alignments were used for analyses of similarity and homology. Functional domains were analyzed with SMART (http://smart.embl-heidelberg.de/smart/set_mode.cgi?NORMAL=1). Predictions of pI, NGlyc position and molecular mass were made using the entire ORF and the pI/Mw tool at Expasy (http://web.expasy.org/protparam/). The subcellular localizations of BolSGT1 genes were predicted using the PSORT software programs (Nakai & Horton 1999 Interacting Genes/Proteins, http://string-db.org/) (Szklarczyk et al. 2011) .
Phylogenetic tree
Phylogenetic analysis was conducted using MEGA6.06. Predicted protein sequences of BolSGT1 and pathogenesis-related protein (thaumatin-like protein) genes were used for phylogenetic tree construction using the neighbor-joining method with the complete deletion option. Tree reliability was assessed using 1000 bootstrap replicates, and the numbers indicated for each clade represent bootstrap support values given as percentages (Thamilarasan et al. 2014) . on the filter paper at 28 ˚C. The samples were subjected to stresses for 0 (control), 1, 3, 6, 12 and 24 h. Afterward, the second and third leaves were collected and frozen immediately in liquid nitrogen and stored at -80 ˚C until RNA isolation. The total RNA was extracted from the 100 mg of frozen samples of the roots, stems, leaves and flower buds of healthy plants and leaves of plants treated with abiotic stress using an RNeasy mini kit (Qiagen, USA), after which RNA was treated with RNase-free DNase (Promega, USA) to remove genomic DNA contamination. Quantified and checked the purity of isolated RNA by ND-1000
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Spectrophotometer and NanoDrop v3.7 software (NanoDrop Technologies, USA). Synthesis of cDNA from RNA extracts was performed with Superscript III® First-strand Synthesis Supermix kit (Invitrogen, USA) following the manufacturer's instructions.
Expression analysis
Gene-specific primers were designed from coding DNA sequences of SGT1 genes by using Primer3 software for RT-PCR and Real-time PCR (qPCR). Primers were designed with 18-21 bp length, 45-55% of GC content and 58-60 ˚C annealing temperature as default parameters. Actin, a commonly used housekeeping gene for expression study, so this gene in B. oleracea were used as a reference gene (Table 1) 
Results and Discussion
Identification and characterization of SGT1 genes
Extensive searches were conducted in the Brassica database to identify SGT1 genes, and retrieved sequences based on annotation. Among the 17 B. oleracea genes, eight were annotated as SGT1a, seven as SGT1b (suppressor of G2 allele of skp1) and two as SGT1
(suppressor of GCR2) based on Arabidopsis nomenclature in Brassica database. Coding sequences of eight SGT1a genes range from 159 to 1,032 bp, and the seven SGT1b genes range from 168 to 963 bp. The two SGT1 genes are 1,947 and 342 bp. Sequence similarities were identified between SGT1a genes, which also showed the highest similarity between the genes, and between SGT1b genes. Likewise, the two SGT1 genes showed high levels of similarity to each other. Even though the remaining genes are complete sequences, they lack functional domains and are short in length. Despite the presence of promoter region in these genes, they showed no expression during organ-specific analysis. Hence, we omitted these genes for further analysis. In pairwise alignments, short sequences with high similarity between the sequences were found, suggesting that SGT1 genes may have been duplicated in the B. oleracea genome (Supplementary File 2). These duplicated genes in B. oleracea evolved during evolutionary events and 4,365 duplicated genes are identified in 1,825 gene clusters. Duplication and triplication of the genes are a result of evolutionary events in Brassicaceae lineage, during this event genes possibly be mutated into pseudogenes or nonfunctional genes (Liu et al. 2014; Lynch et al. 2001; Town 2006; Yao et al. 2015 further studies, and are described in Table 3 .
Genomic DNA sequences for all four genes were obtained from the B. oleracea genome sequence. Exon positions were determined for the BolSGT1 genes (Table 2) . Amino acid sequence characteristics, molecular weight and pI for the four predicted BolSGT1 proteins are presented in Table 3 . Both the BolSGT1a and BolSGT1b proteins were predicted to be located in cytoplasm, mitochondrial matrix space and the endoplasmic reticulum, whereas BolSGT1 was predicted to be in the chloroplast and cytoplasm. Previously, subcellular localization in Arabidopsis was studied by Noel et al. (2007) (Fig. 1) . Additionally, pathogenesis-related protein (thaumatin-like protein) is used as a outgroup gene in the phylogenetic tree ( Fig. 1 ) which is also expressed during abiotic stress (Deihimi et al. 2013 ). In the phylogenetic tree, the proteins clearly formed separate SGT1a, SGT1b and SGT1 groups, indicating that all three proteins arose before the divergence of these species. The tree shows that SGT1 is diverged from SGT1a and SGT1b, whereas SGT1a and SGT1b are more closely related. Consistent with the close relationship of the two species, BolSGT1a is most closely related to BrSGT1a and BolSGT1b is clustered with BrSGT1b. Likewise, BolSGT1 is grouped with SGT1 of B. rapa.
Organ-specific expression
Organ-specific expression analysis was conducted using mRNA isolated from roots, stems and leaves (second and third leaf) of three weeks old non-treated seedlings, and flower buds were collected from 14 weeks old seedlings of B. oleracea by RT-PCR at different experimental profiles. Expression is observed in all four BolSGT1 genes in all tested organs.
BolSGT1a was highly expressed in root, stem and leaves but showed lower expression in flower bud. BolSGT1b_1 was highly expressed in stem and moderately expressed in leaves D r a f t and flower bud, whereas it had lower expression in root. BolSGT1b_2 showed high expression in flower bud, moderate expression in stem and leaves and lower expression in root. BolSGT1 was strongly expressed in stem, moderately expressed in leaves and flower bud but expressed in root only to very low levels (Fig. 2) (Chung et al. 2006; Xing et al. 2013 ). This similarity suggests that the BolSGT1 genes may also play roles during abiotic stress conditions. Hence, the BolSGT1 genes were studied using quantitative PCR in the abiotic treated B. oleracea.
Analysis of BolSGT1 gene expression during abiotic stresses
To analyze the expression pattern of BolSGT1 genes, RT-qPCR was carried out on samples from plants treated with abiotic stresses such as heat, cold, drought, and salt, and with ABA. Our results revealed that BolSGT1a expression was highly up-regulated by heat stress until 1 h and subsequently decreased. During salt and cold stress, BolSGT1a expression increased until 6 h and 1 h, respectively, and then decreased. Drought and ABA treatments did not induce notable expression during the time courses. During ABA stress, BolSGT1a decreased and showed similar expression after treatment at 1 h and 3 h, followed by a decrease and similar expression at 6 h, 12 h and 24 h.
BolSGT1b_1 and BolSGT1b_2 showed similar expression patterns in response to heat, D r a f t cold, and drought stresses. During heat and drought stress, no significant differential expression pattern was observed. During cold stress, expression gradually increased until 3 h, followed by a decrease. In salt stress, BolSGT1b_2 was up-regulated until 6 h, and then suddenly decreased at 12 h. ABA treatment led to decreased BolSGT1b_1 expression.
However, BolSGT1b_2 responded positively at 1 h and then decreased until 12 h. BolSGT1 expression in response to salt stress and ABA treatment was up-regulated and downregulated, respectively. During salt stress BolSGT1 expression gradually increased until 3 h, slightly decreased at 6 h, and then increased. During ABA treatment, BolSGT1 expression suddenly increased at 1 h, followed by a gradual decrease (Fig. 3 ).
These observations support the idea that BolSGT1 genes could play roles during stress conditions. In Arabidopsis, SGT1a is more highly up-regulated in heat stress than other SGT1 genes (Noël et al. 2007 ). Although BolSGT1a and BolSGT1b genes share similar domain structures, they display contrasting expression patterns during heat stress (Fig. 3) , which is similar to the situation in Arabidopsis (Yabuta et al. 2009 ). In cold stress, BolSGT1a
and BolSGT1b genes were downregulated, unlike BolSGT1. Along with previous reports, our results suggest that HSP90/SGT1 complex might be co-regulated during cold stress condition, which is expressed as downregulation, and may be slightly induced by heat stress (Fu et al. 2009 ). In Arabidopsis, HSC70-1, encoding an interactor of SGT1, shows significant responses during salt stress (Cazalé et al. 2009 ). Our results also revealed that BolSGT1a, BolSGT1b_2 and BolSGT1 have a differential expression pattern during salt stress conditions, which might be co-regulated by HSC70-1 (Cazalé et al. 2009 ). In A. diogoi, SGT1 was up- were not expressed well, suggesting that they may not function in drought stress responses (Fu et al. 2009 ).
To further explore the possible functions of these genes, generated an interaction network by in silico methods, which revealed many genes as co-regulated with BolSGT1 genes. Interestingly, many proteins that may act as co-regulators (HSC70-1, ATHSP90.1, SRFR1, PBS2, RPM1 and AFB5) of BolSGT1s (BolSGT1a and BolSGT1b) showed strong interaction with all proteins except BolSGT1 (Fig. 4) . In SGT1, the CS domain is involved in interaction with Hsp90 and RAR1 (Takahashi et al. 2003; Wang et al. 2015 
